ABSTRACT
Triple-helix DNA structures can form endogenously at mirror repeat polypurine/polypyrimidine sequences or by introduction of triplex-forming oligonucleotides (TFOs). Recent evidence suggests that triple helices are sources of genetic instability, and are subject to increased rates of mutagenesis and recruitment of repair factors. Indeed, observations using TFOs suggest that triple helices provoke a variety of biological processes which can be harnessed to modulate gene expression and induce heritable changes in targeted genes. This review surveys the biological applications of TFOs, with particular attention to their recombinogenic and mutagenic potential, and summarizes available evidence for the mechanism of triplex and triplex-associated repair.
INTRODUCTION
In the half-century since the first triple helical structures were reported (1), significant progress has been made in the application of triplex-forming oligonucleotides (TFOs) as tools for targeted modification of the mammalian genome. The ability of TFOs to bind to duplex DNA tightly, and in a sequence-specific manner, are the key features that underscore the potential of these synthetic oligonucleotides to direct gene manipulation. In the past 20 years, TFOs have been successfully used to inhibit transcription initiation and elongation, induce site-specific damage and cleavage, and target disease-related genes for site-directed mutagenesis or correction. This review will focus on the use of triplex-forming oligonucleotides for targeted recombination and DNA repair. TFOs bind in the major groove of duplex DNA via two Hoogsteen hydrogen bonds formed between the base of the third strand and the purine base of the duplex DNA. Third-strand binding occurs more slowly than traditional Watson-Crick basepairing, but triplexes are stable once formed. There is evidence that duplex DNA undergoes helical distortions upon TFO binding (2) and that these distortions trigger endogenous recombination and repair mechanisms in the cell (to be discussed below). The presence of divalent cations Mg 2+ , Ca 2+ and Zn 2+ can augment triplex stability, as can naturally occurring polyamines such as spermine, spermidine, and putrescine (3, 4) , by reducing the electrostatic repulsion among the three phosphate backbones.
Triplex formation occurs in two motifs, distinguished by the orientation of the third strand with respect to the polypurine target sequence in the duplex DNA. Generally, pyrimidine-rich TFOs bind in a parallel manner, while purine-rich TFOs bind in an anti-parallel orientation (Figure 1 ). In the pyrimidine motif, thymines or protonated cytosines of the TFO bind to A:T or G:C Watson-Crick basepairs, respectively, forming the canonical base triads T:AT and C+:GC. Typically, triplex formation with pyrimidine TFOs occur only under acidic conditions, since N3 protonation of the third strand cytosine is required for proper Hoogsteen bonding to the N7 of duplex guanine (5) .
For this reason, 5' methylcytosine (5'MeC) substitution is widely used to alleviate limitations of natural cytosine, as 5'MeC has a higher pK value than does cytosine. Upon binding, the increased triplex stability and affinity are thought to be due to stacking interactions and the exclusion of water from the major groove (6) . Pseudoisocytidine is another cytosine replacement that remains protonated in physiological conditions, and is particularly effective in TFOs containing consecutive cytosines.
In fact, a TFO with pseudoisocytidine substitutions has been shown to target the human beta-globin gene in living cells, while the equivalent TFO with 5'MeC substitution did not form stable triplexes at physiological pH (7).
The purine-rich motif binds to DNA in an antiparallel direction via reverse Hoogsteen bonds to form the base triads G:GC and A:AT. In contrast to the pH requirement of pyrimidine-rich TFOs, effective binding for the purine TFOs requires no protonation, allowing them to bind at neutral pH. However, the guanines in purine-rich oligonucleotides are apt to form G-tetrad structures in physiologic concentrations of K+; such intermolecular complexes presumably reduce the extent of bioavailable TFO (8, 9). To overcome this, 7-deazaxanthine has been used in place of A or T in anti-parallel TFOs. These TFOs can form triplexes with high affinity even in physiological K+ concentrations, and can bind to and induce mutagenesis in an intracellular gene target (10).
TFOs can be composed of DNA, RNA, or synthetic molecules that mimic nucleobases or the phosphoribose backbone.
Examples of backbone modifications are the phosphoramidate linkages N,Ndiethylethylenediamine (DEED) and N,Ndimethylaminopropylamine (DMAP), in which a 3' nonbridging oxygen in the sugar is replaced with nitrogen, Figure 2 . Examples of TFO applications, including modulation of gene expression, targeted delivery of DNA-reactive molecules, and targeted gene modification. thereby creating a positively charged backbone. TFOs containing these modifications have improved binding affinity and intracellular delivery compared with their phosphodiester counterparts (11-13). Peptide nucleic acids (PNAs), which are synthetic oligonucleotide mimics with a peptide-like backbone, can also form triplex structures with DNA, but their bioactivity and repair are not within the scope of this review (14) .
BIOLOGICAL APPLICATIONS
An early application of TFOs was site-specific blockage of protein-DNA interactions, such as prevention of endonuclease cleavage (15, 16) or transcription factor binding (17, 18) (Figure 2 ). Several groups recognized that gene expression could be inhibited when TFOs are bound to promoter elements, presumably by preventing transcription factor binding or by directly inhibiting progression of RNA polymerase. For example, triplex formation at a G-rich site 115 bases upstream from the cmyc gene prevented promoter element binding and reduced c-myc expression by ten-fold (19, 20) . The binding of these G-rich TFOs at various promoters occurred at physiological pH (21) , and nuclear uptake was evident within two hours of transfection into HeLa cells (20) . Following this pioneering work, several laboratories have successfully targeted TFOs to a variety of other promoters to arrest target gene transcription, including Ha-ras, the HER2/neu/c-erbB2 proto-oncogene, the alpha subunit of the interleukin-2 receptor, and cyclin D1 (22) (23) (24) (25) .
In addition to binding at promoter elements, triplex has been used to prevent transcription elongation by physically blocking the progression of the RNA polymerase complex. Faria and colleagues used a 15-mer mixed-sequence TFO with N3'-P5' phosphoramidate linkages to target a polypurine tract in the coding region of two HIV-1 genes. Using both transient and stable expression systems, the authors detected a 40-50% decrease in reporter RNA expression, but no changes in expression of control genes, implying specific polymerase arrest (26) . Work by Krasilnikov and colleagues have shown that polymerase arrest during replication is due to the inability of various DNA polymerases to dissociate triplex structures. That is, significantly higher temperatures were needed to overcome intramolecular triplexes than the corresponding duplex sequences, with the difference in the range of 20-40 degrees (27) .
The ability of TFOs to target specific sequences can be used to site-specifically deliver DNA reactive molecules.
Various TFO conjugates, for example nucleases, psoralen, radionuclides, and alkylating agents, have been used to induce site-specific DNA damage in yeast and human chromosomes (28) (29) (30) (31) (32) . One recent example was the delivery of the anthrocycline daunomycin into prostate cancer cells using TFO-drug conjugates to target to c-myc promoters (33) . DU145 cells express c-myc constitutively, and reduction of c-myc expression is sufficient to cause cancer cell death and tumor regression in mice. After four days of daunomycin-TFO treatment, cmyc expression in these cells was reduced, leading to growth inhibition and a two-fold increase in apoptosis. Of the cells undergoing apoptosis, as assayed by annexin-V staining, more than 80% showed oligonucleotide uptake. In contrast, daunomycin conjugation to an oligonucleotide that lacked triplex-forming ability had no effect on cell growth, and dauno-TFO treatment of normal fibroblasts did not lead to growth inhibition in doses that killed DU145 cells. Apoptosis and cellular uptake were dose-dependent, providing evidence that cell death was selective for TFOtargeted cells.
Finally, a TFO was used to direct an anti-tumor agent to induce site-specific cleavage in plasmid (34) . VP16 (etoposide) prevents topoisomerase II-religation after DNA cleavage, resulting in DNA strand breaks that trigger repair pathways. The VP16-TFOs designed by Duca et al. specifically induced double-stranded breaks 13-14 bp from the triplex binding site. Using TFOs to direct cleavage at a particular gene or genomic site can potentially reduce nonspecific DNA damage by VP16. Chemotherapyassociated nonspecific DNA damage is thought to cause translocation events that then lead to secondary cancers, so it is significant that TFOs can decrease nonspecific DNA damage by targeting drug delivery to relevant sites.
Enhanced recombination
There has been considerable interest in invoking the endogenous homologous recombination machinery to correct or modify chromosomal targets. This strategy, however, has been limited by a low frequency of homologous integration, a high frequency of random integration of vector DNA, and the need for an isolation procedure to select for the corrected population of cells. The frequency of homologous recombination can be augmented by DNA damage, for example by agents that induce double-stranded breaks, which include UV radiation, carcinogens, and the restriction endonuclease ISce I (35) . As well, photoreactive molecules such as psoralen can create interstrand crosslinks that can efficiently induce recombination in yeast and mammalian cells (36) . Because TFOs induce DNA repair in a sitespecific manner, they are potentially interesting candidates to enhance recombinogenic frequencies, while also reducing random integration.
To study TFO-induced recombination, our lab designed an SV40 shuttle vector with two tandem copies of the suppressor tRNA reporter gene supF, each with a single, unique and inactivating point mutation, separated by a polypurine triplex-binding site.
TFOs were bound overnight to this vector and then allowed time to repair either in cell extracts or mammalian cells. The vector was then recovered and used to transform lacZ (amber) E. coli strains for genetic analysis of the supF gene. With this tandem supF vector assay, targeted damage at the triplexbinding site was found to stimulate intramolecular recombination, producing one wild-type, functional supF gene. Our lab showed that G-rich TFOs could stimulate recombination at a frequency of 0.37% to generate a functional supF gene, five-fold above background. Furthermore, TFO conjugation to psoralen augmented the frequency to 1.5%, a 25-fold increase above background (37) . Sequencing of revertants suggested a mechanism consistent with nonconservative recombination and gene conversion. As well, extrachromosomal recombination could be induced by a psoralen-conjugated TFO at a frequency 65-fold above background (37) . Other groups have similarly shown that TFOs, particularly when conjugated to psoralen, can sensitize genomic sites for modification, producing low but observable frequencies of homologous recombination (38) .
An intermolecular recombination strategy was utilized by Chan et al., using a TFO tethered by a linker to a 40-44 nucleotide "donor" molecule. This donor oligo was designed to be homologous to the targeted gene, in this case an extrachromosomal supF reporter gene, with one critical difference: the donor oligo contained a desired sequence change that would restore gene activity. In this scenario, the TFO would stimulate repair in the plasmid, and position the donor oligo to provide a source for homologous recombination. Homologous recombination events will then be detectable by assaying for supF activity, which would have been restored by incorporation of the sequence change in the donor oligo. Using this approach, Chan et al. were able to obtain gene reversion at a frequency of 0.7%, four-fold greater than using a donor oligo alone or with a non-specific TFO, and more than 200-fold above frequencies of spontaneous reversion (39) .
The recombinogenic potential of TFOs has also been studied in a single-copy chromosomal locus in mammalian cells, in which TFOs are introduced into Chinese hamster ovary (CHO) cells at the same time as a single-stranded 51-mer donor oligonucleotide (40) . In this case, recombination of the donor oligo corrects a single basepair mutation that renders the firefly luciferase reporter gene completely inactive. TFOs of both purine and pyrimidine motifs were able to provoke gene correction, restoring luciferase activity at frequencies of 0.11%, sevenfold above that induced by donor oligo alone. In contrast, scrambling the sequence of either the TFO, or the TFO binding site, caused no difference in recombination events relative to background, indicating that the effect is specific to TFOs and that treatment with unrelated oligo by itself does not invoke recombinatory mechanisms. Although this study used a recombination target site that was 70 basepairs away from the TFO binding site, recombination has been observed even with target distances of several hundred basepairs (41).
Targeted mutagenesis
Related to its use to augment recombination for gene correction, triplex formation can be used to target mutations to specific sites in the genome, thereby inducing heritable changes in gene function and expression. Targeted mutagenesis has indeed been a successful application of TFOs, as shown both in vitro and in vivo. Psoralen-conjugated, purine-rich TFOs targeting a modified supF reporter gene within SV40 shuttle vector DNA produced mutagenesis frequencies in the range of 0.23% to 2.1%, depending on the length of the TFO, the vector, and other conditions. These frequencies represent a 70-100 fold increase of mutagenesis frequency over background (42, 43) . Further work demonstrated that neither psoralen conjugation nor photoactivation were an absolute requirement for TFO-mediated mutagenesis in mammalian cells; that is, while the presence of directed psoralen crosslinks can augment mutagenic potential, triple helices by themselves are mutagenic. TFO-induced rates of mutagenesis exceed those produced by nonspecific duplex crosslinking by free 4'-(hydroxyethoxymethyl)-4,5',8-trimethyl-psoralen (HMT) or by a psoralen-conjugated TFO that does not bind the chromosomal target site (44, 45) .
TFOs have also been shown to mediate mutagenesis in a chromosomal target, using a psoralenconjugated pyrimidine-rich TFO that binds to a 17-mer or 23-mer sequence in the Chinese hamster hypoxanthine phosphoribosyl transferase (hprt) gene. The TFO-induced mutagenesis frequency was shown to be several hundredfold above spontaneous mutagenesis (46) . The vast majority of induced mutations (85%) were in the triplex binding region; 77% of these had deletions of 4 to 50 bases, and 4% had base substitution mutations at or adjacent to the site of the crosslink. Psoralen-TFOs that showed little binding affinity for the hprt target region were not mutagenic above background, and in this case, TFO treatment without photoactivation of the psoralen moiety did not invoke mutagenesis. Whereas in other systems TFOs by themselves are mutagenic, it is evident that for some targets and for some TFO compositions, psoraleninduced interstrand crosslinking is necessary to potentiate mutagenesis above the levels of detection of the assay. Nevertheless, this study provided important evidence that TFOs can bind and induce mutagenesis in chromosomal loci and can accomplish this with high target specificity.
Finally, TFOs can mediate processes of mutagenesis when delivered in vivo (47) . Transgenic mice, containing a chromosomally integrated λsupFG1 vector, were i.p. injected with 50 mg/kg of TFO for five consecutive days and sacrificed ten days later to determine oligonucleotide uptake. This study utilized AG30, a 30-mer G-rich TFO that was not tethered to any mutagen. Tissue from liver, skin, kidney, colon, small intestine and lung showed five-fold increases in mutation frequency, when compared with tissue from mice treated with control TFO.
Importantly, this latter group did not show differences in mutagenesis from PBS-treated mice, indicating that unrelated TFOs are neither mutagenic nor toxic in vivo, and can be tolerated with apparently no offtarget effects. Further dosing studies are needed to ensure safety and to augment efficiency, but this study shows that TFOs can effectively target chromosomal DNA when delivered in vivo.
TFO-INDUCED REPAIR
The initial evidence that triplex binding can invoke repair came from DNA repair synthesis assays, in which we observed that TFO-treated pSupFG1 vectors incorporate alpha-32 P-dCTP from supplemented HeLa cell extracts. By contrast, treatment with a control TFO that did not bind the vector did not lead to incorporation of labeled nucleotide, nor did treatment of plasmids that lacked the TFO binding site. Only TFOs that induced high rates of mutagenesis were able to induce DNA synthesis, suggesting that TFO-induced mutagenesis was related to repair. Further, because these TFOs can also inhibit in vitro transcription, a mechanism involving transcription stalling by a bound TFO was proposed, which in turn could trigger gratuitous and possibly error-prone repair and mutagenesis (44) .
These initial studies also provided some evidence that nucleotide excision repair (NER) factors are required for TFO activity. For example, consistent with other data, a 30-mer purine-rich TFO can induce mutagenesis in mammalian cells at frequencies of 0.27%, 13-fold above spontaneous mutagenesis. In contrast, the frequencies of mutagenesis using the same TFO in two independent cell lines deficient in XPA (Xeroderma pigmentosa complementation group A, an NER damage recognition factor), or a cell line deficient in Cockayne's syndrome group B (CSB), were an order of magnitude lower, on par with spontaneous mutagenesis. XPA complementation by cDNA expression restores TFO-induced mutagenesis to wildtype levels, while CSB complementation only partially restores mutagenicity. These results indicate that TFOmediated mutagenesis is related to DNA repair and specifically implicates NER and transcription-coupled repair (44) .
Similarly, recombination induced by TFOs is also dependent on the NER pathway. The frequency of gene reversion mediated by TFOs tethered to donor was diminished in cells deficient in XPA, and the observed gene frequencies in these deficient cells were similar to that of untreated, wildtype cells. With correction of the XPA defect, frequencies of reversion approached that of nondeficient cells at 0.48% (39) . It was further shown in an intramolecular recombination assay that repair of both triplex lesions and psoralen-triplex compound lesions was dependent on XPA and the endonucleases XPF and XPG. However, repair was not found to be dependent on the mismatch repair (MMR) recognition and bridging factors MSH2 nor MLH1, respectively (37).
Subsequent studies showed that TFO-induced recombination required hsRad51, the human recA homolog that mediates strand exchange reactions. Overexpression of hsRad51 increased recombinatory activity of a TFO tethered to a donor in an episomal system (48) . The involvement of recombinogenic factors is not unexpected, as the donor oligonucleotides in our assays are designed to be substrates for homologous recombination. These results are also consistent with the observation that chromosomal gene targeting by TFOs and induced mutagenesis are significantly augmented by treatment during S phase, compared with treatment of quiescent cells (49) . This finding is thought to be due to the presence of replication machinery, recombinogenic factors, and a template for repair during S phase. It is also possible that the increased gene targeting is a reflection of increased gene accessibility and local chromatin remodeling that takes place during S phase.
The extent of triplex repair is related to the recombinogenic potential of the TFO. A recent study tested a variety of chemically modified pyrimidine-rich TFOs for recombinogenic potential in plasmids and CHO cells with a chromosomally integrated TFO binding site. A TFO containing a phosphoramidate backbone and a TFO containing cytosine and thymine base substitutions both provoked significant levels of recombination (0.3%-0.4%) over background. In contrast to other tested TFOs that had limited in vitro triplex binding ability and no bioactivity, plasmid treatment by these same TFOs led to significant incorporation of labeled nucleotide in the DNA repair synthesis assay. Of note, the TFOs that contained 2'OH (RNA) and 2'-O-methyl (2'-O-Me) ribose moieties, which are predicted to provoke the least helical distortion upon third strand binding, provoked insignificant levels of recombination and repair over background (50) . These results are consistent with the hypothesis that one of the recognition events of a triplex lesion may be the altered helical structure, an idea that is supported by data on the repair of endogenous triplex structures, explored below.
Endogenous triple helices as sources of genetic instability
The idea that triple-helix formation provokes genome modification is supported not only by the studies mentioned above, but also by studies of endogenous triple helices found in the human genome.
H-DNA, or intramolecular triplexes, occur at purine-pyrimidine tracts with mirror repeat symmetry. It is now apparent that H-DNA-forming sequences occur abundantly within the genome, primarily in promoter regions (51).
H-DNA structures can lead to local genomic instability and breakpoints, resulting in chromosomal translocations. For example, multiple sites of mirror repeats in an unusually long (2.5kb) poly(R-Y) tract in the polycystic kidney disease 1 (PKD1) gene have been shown to adopt non-B conformations, including intramolecular triplexes. When this tract is introduced into plasmids and subsequently transduced into E. coli, a dramatic loss of viability of colony-forming units results (52). Furthermore, cells lacking UvrA or UvrB of the nucleotide excision pathway did not exhibit this loss of viability, indicating that intact NER machinery is also required to recognize the altered structures in E. coli. The presence of the poly(R-Y) tract also induced an increased frequency of rearrangement mutagenesis in a reporter gene, and sequence analysis in mutated bacteria indicated the presence of breakpoint junctions in areas predicted to form non-B-DNA structures (53) . A transcription-related process may be involved in induced mutagenesis, since transcription increased the frequency of PKD1-tract induced plasmid alterations. As non-B-DNA conformations are expected to increase the frequency of double-stranded breaks, it is suggestive that these breaks are the initiating events that lead to mutagenesis. The genetic instability resulting from H-DNA structures has also been observed in mammalian cells, using H-DNA-forming sequences endogenous to the human c-myc promoter. Disease-causing translocations of chromosome 8, such as Burkitt's lymphoma, juxtapose the c-myc gene next to immunoglobulin enhancer elements, leading to c-myc overexpression. Notably, breakpoints have been found in the area of the H-DNA-forming c-myc promoter, suggesting that genetic instability at this site and the resulting disease are direct consequences of altered DNA conformations. To test this, the 23bp, H-DNAforming region from the human c-myc promoter was placed upstream of the supF reporter gene. The presence of this H-DNA-forming sequence induced a 20-fold higher frequency of mutagenesis in supF than did a scrambled sequence. Notably, mutagenesis induction was coincident with the ability to form H-DNA structures. These induced mutations were revealed to be primarily deletions, but also included insertions, inversions and duplications. Breakpoints demonstrated areas of microhomologies, and a higher frequency of double-stranded breaks were found close to the H-DNA-forming locus, suggesting repair consistent with non-homologous end-joining (54) . These results, with similar observations in the t(14;18) oncogenic translocation (55, 56), suggest that non-B-DNA structures are involved in genetic instability, leading to chromosomal rearrangements and disease.
Repair of complex psoralen-TFO lesions
Repair of triplex structures has also been studied in the context of TFO-directed psoralen-crosslinks. As reviewed above, the presence of the third strand by itself induces repair, but this repair is difficult to detect in mammalian cells, given the barriers to TFO intracellular delivery and triplex formation. Once formed, the triplex structure may be unwound by DNA helicases (57) , and interactions with repair machinery are likely to be transient in nature, further hampering detection. In contrast, the covalent lesion caused by psoralen crosslinking readily allows for detection, and thus facilitates identification and study of repair factors that are recruited to these sites. However, as psoralen-induced monoadducts and interstrand crosslinks can provoke repair by themselves, the addition of the third strand complicates the repair process. In reviewing the literature, we should keep in mind that repair of triplex structures may differ from repair of complex lesions caused by psoralen-TFO, and a more rigorous study of their related repair processes is necessary for comparison.
As with triplex structures, there is evidence that TFO-directed psoralen interstrand crosslinks are recognized by NER factors. Replication protein A (RPA), a highly conserved recognition factor, binds specifically to psoralenmonoadducted or psoralen-crosslinked triplex DNA with high affinity. In contrast, RPA does not bind to duplex DNA by itself, whether or not the DNA is crosslinked. XPA acts in a complex with RPA to reduce nonspecific DNA aggregation, although interestingly, XPA does not bind to triplex DNA in the absence of RPA (58) . Further studies also implicate a complex of Xeroderma pigmentosa protein Group C (XPC) and the human homolog of RAD23B (hHR23B) in rapid (<10 sec) recognition of triplex-directed psoralen interstrand crosslinks formed in vitro (59).
Another NER factor, the endonuclease XPF, has also been studied by several groups. Degols et al. demonstrated that XPF was necessary for repair of TFOdirected psoralen crosslinks in plasmid, using inhibition of reporter gene expression as a measure of crosslink presence and thus, lack of repair (60) . Another group, using a psoralen-conjugated TFO that targeted the hprt gene, observed an increase in mutation frequency in cells that lacked XPF or ERCC1 (which acts in concert with XPF) relative to wildtype cells. In addition, they observed that lack of XPF or ERCC1 increased the percentage of deletion mutations, while decreasing the frequency of base substitutions, suggesting that XPF/ERCC1 is involved in translesion repair synthesis that leads to base substitutions (61) . Sequencing of the TFO-induced deletion mutants provided evidence for a non-homologous end-joining (NHEJ) mechanism, consistent with observations by others (37, 43) . That the character of mutations may change (e.g. deletions versus base substitutions) suggests there may be multiple, perhaps competing, repair pathways that metabolize this complex lesion.
In fact, in the presence of donor sequence for crosslink repair, NER can suppress intramolecular recombination. This was observed in a plasmid-based crosslink repair assay by Zheng et al. in which tandem reporter genes flank a TFO-binding and crosslinking site. NER-deficient cells (lacking XPA or XPF) had a recombination frequency of 0.55%, compared with 0.18% in proficient cells. Because sequencing of the site revealed only one functional copy of the reporter gene, the authors hypothesized that the presence of the TFO-linked crosslink induced single-strand annealing that was suppressed by NER (62).
Mismatch repair is notable for its lack of involvement in TFO-induced mutagenesis. Several groups have now shown that cells that are deficient in the MutS and MutL homologs MSH2, MLH1, MSH3, or MSH6, do not show any change in TFO-induced mutagenesis frequency or mutation type relative to wildtype cells (37, 61, 63) .
In contrast, Zhang et al. demonstrated a requirement for hMutSbeta (i.e., the heterodimer MSH2-MSH3) in recognition and uncoupling of a TFO-associated crosslink in plasmid (64) . This apparent conflict led one group to suggest that MMR is involved in error-free processing of TFO-directed psoralen crosslinks (63) . In support of this, Zheng et al. showed that cells deficient in MSH2 exhibited an increase in crosslink repair in a gene reactivation assay that required recombination-independent repair. Therefore, MMR heteroduplex resolution may be associated with error-free, recombinational repair (62).
Finally, several studies suggest that the presence of a third strand may impair processing of a TFO-directed psoralen interstrand crosslink. Plasmids containing a triplex binding site from the IL-2Ralpha promoter region were treated with pso-TFO or pso-S-S-TFO and transfected into HeLa cells for repair. Guieysse et al. observed that the presence of the third strand led to persistent gene inhibition of a reporter gene by the crosslink and to a lack of excision products. In contrast, plasmids in which the third strand was removed (via reduction of the disulfide linker in pso-S-S-TFO) efficiently recovered gene expression and demonstrated excision of the crosslink fragment (65) . In an in vitro assay measuring labeled nucleotide incorporation in a plasmid, the presence of a bound TFO precluded incision, repair synthesis and religation of the interstrand crosslink; in contrast, these events were observed in a plasmid containing a psoralen crosslink in the absence of a TFO (66) .
Inhibition of repair by the third strand may be correlated with TFO length. A 10 nucleotide (10nt) TFO and a 30nt TFO were compared with regard to mutagenic potential and induction of incision. The 30nt TFO provoked a reduced number of detected incisions than DNA treated with the 10nt TFO, suggesting that the longer TFO may inhibit access to a 5' incision site, thus reducing repair efficiency (67) . Since the 30nt TFO had a higher binding affinity for the target duplex site than did the 10nt TFO, the 30nt TFO may also be a better competitor with potential NER proteins. The authors observed that the 10nt TFO generated mostly A:T to T:A transversions in a reporter gene, while the 30nt TFO generated a diverse set of mutations, including large deletions. As above, the difference in the character of the mutants may indicate alternate repair pathways, in this case dependent on the length of the TFO and possibly the TFO binding affinity. These results indicated that the presence of the third strand influences repair of the psoralen-adduct and points to the complexity in studying triplex-associated lesions.
PERSPECTIVE
TFOs have enormous potential as agents for gene modification and modulation, but some key issues remain to be resolved prior to clinical application. It is clear from the studies reviewed here that TFOs are inherently mutagenic and recombinogenic when bound to their intended target sites, although the mechanisms of these events are still under investigation. Further studies of how triplex structures are recognized and repaired will inform our ongoing efforts to improve efficiency and targeting of disease-causing genes.
